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ABSTRACT  
A region in Southern Italy (Guardia dei Lombardi, Province of Avellino) is being explored as a medium-enthalpy geothermal 
resource. The chosen area (with overall dimensions of 42 km × 28 km) is characterized by a local heat-flux maximum of 
90 mW/m2. Based on seismic profiles and hydrocarbon exploration wells, a three-dimensional geological model has been set up. It 
shows the upper surface of the Cretaceous Apulia shallow-water carbonate platform as a faulted, thrust-related anticline overlain by 
dense, partly shale-rich sedimentary layers. In previous work, the basal specific heat flow was calibrated to temperature data from 
six different wells under the assumption of purely conductive heat transport using the simulation code SHEMAT-Suite. The 
reservoir is characterized by a natural carbon dioxide emanation along natural faults and fractures. Analogously, it is assumed that 
water flow occurs primarily through fracture and fault networks. The role of advection on the temperature distribution is studied 
and a reevaluation of the basal specific heat flow at 6 km depth performed. This inversion is carried out using a deterministic 
Bayesian approach. Thermal conductivity values for the lithological units and their uncertainties are deduced from laboratory 
measurements on rock samples together with logging interpretation. Maps of geothermal energy potential are set up at various 
depths within the reservoir with the overall goal of identifying promising geothermal conditions for future exploitation.  
1. INTRODUCTION 
An area in Southern Italy (region of Campania) being explored for its potential as a geothermal resource is shown in Figure 1. With 
temperatures of about 100 °C at a depth of less than 1.7 km, it may be classified as a medium-enthalpy reservoir. A good evaluation 
of its geothermal potential entails a thorough understanding of the local geology and characterization of geothermal properties of 
the reservoir.  
 
Figure 1: Location and topography of study area (in box). Contour lines show the top of the Apulia shallow-water 
carbonate platform. The carbon dioxide accumulation under the top of the platform is shown as a shaded area.  
Ebigbo et al. 
 2 
This study presents the results of a reservoir characterization and the transfer of this information to a hydrothermal simulation 
model. The objective of the numerical simulation is to improve the understanding of the geothermal conditions, considering 
conductive and advective heat transport processes and their effects on the local subsurface temperature field.  
2. RESERVOIR CHARACTERIZATION 
Previous and ongoing work conducted by the Italian CNR (National Research Council) research group VIGOR has focused on the 
development of a three-dimensional geological model of the reservoir (Inversi, et al., 2013). In addition, a petrophysical analysis of 
borehole measurements – with respect to gamma and resistivity logs – has been performed and laboratory measurements of rock 
porosity and thermal conductivity carried out. Finally, surface temperature and several temperature measurements from wells at 
depths ranging from 300 m to 3500m are available for the calibration of a numerical flow and heat transport model.  
2.1 Geological Model 
The geothermal target in the Guardia dei Lombardi site may be defined as the carbonates of the Apulia Platform which consists of 
fractured and presumably karstified shallow-water carbonates. The facies and genesis of the Apulia Carbonate Platform 
(Cretaceous-Eocene) is comparable to the Bahama Banks. 
During the Apennine orogenesis in the Pliocene, the Apulia Platform was affected by thrust-related folding, followed by normal 
faulting in the Pleistocene. While the thrust faults are assumed to be hydraulically non-conductive, the steep dipping set of normal 
faults is probably permeable. These two distinct structural phases – thrust faulting (compression) and normal faulting (extension) – 
were interpreted from an integrated dataset, comprising boreholes, seismic profiles, and geochemical and hydrogeological 
information (Figure 2). Based on this dataset and on the tectonic interpretation proposed in Scrocca (2010), a geological model of 
the main reservoir was created (Inversi, et al., 2013). This model incorporates the fractured carbonate reservoir rocks as well as the 
overlying sedimentary cover, whose main geological successions are the Lagonegro Units, Sannio Units, and Torrente Calaggio 
Complex. While the latter may be regarded as a chaotic complex of olistostromes and mélanges of different composition, the 
Lagonegro and Sannio Units (Patacca & Scandone, 2007) consist of low-permeable, mainly shaly pelagic successions. Therefore, 
for the purposes of the simulation model discussed here, only two units, a reservoir and a sedimentary cover, are distinguished.  
In addition to fractures as the main fluid pathways, key characteristics of the geothermal reservoir are a karstified zone and carbon 
dioxide accumulations (CO2 caps). The presence of CO2 has been confirmed in boreholes which penetrate the anticline and by the 
surface manifestation known as Mefite d’Ansanto. The occurrence of a localized CO2 surface emanation hints at a locally increased 
permeability in the subsurface (Chiodini, et al., 2010). As a matter of fact, one of the steep normal faults in the model can be related 
to Mefite d’Ansanto. Though the geometries of these faults are included in the simulation model, their contribution to flow is 
neglected (i.e. their permeabilities do not differ from background permeability).   
In several wells, fracture series have repeatedly been reported, particularly at the transition of the overburden to the Apulia 
Carbonates. In some cases, significant losses of drilling fluid were recorded when the top of the reservoir was reached during 
drilling. This may be related to an extended fracture network at the top of the carbonate platform, probably connected to a past 
karstification of the reservoir limestone. In any case, the top of the carbonate reservoir can be equated to a zone of increased 
permeability.  
As a result the above-mentioned points, the main features of the simulation model are: two main lithological units (reservoir and 
sedimentary cover), a CO2 cap in the anticline of the reservoir, a zone of increased permeability at the top of the reservoir 
(karstified zone), structural dissection by thrust faults and normal faults. 
 
Figure 2: SW – NE cross-section through the faulted anticline of the Apulia Carbonate Platform. Two consecutive 
deformation phases are marked by thrusts and normal faults (modified from Inversi, et al. (2013)). 
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2.2 Data 
2.2.1 Thermal Conductivity and Porosity 
In order to assess the petrophysical properties of the lithological units, a series of laboratory measurements was carried out on nine 
core samples. The cores were taken from analogue sites which represent the cretaceous stratigraphy of the Apulia Carbonate 
Platform. The main lithologies are dense limestones and dolostones, which show layering and micro-joints. It is important to note 
that the laboratory measurements were not carried out under in-situ conditions, thus there may be a systematic error in some of the 
measured values. The following values were measured: porosity, thermal conductivity, density and p-wave velocity.  
The majority of core samples show low porosity between 1 % and 3 %. Dolomitization of the limestone sometimes led to higher 
porosities of about 6 %. Thermal conductivity and p-wave velocity were measured under both dry and saturated conditions. 
Regardless of the sample condition (dry or saturated), the measured values were quite similar (min: 2.14 W m-1 K -1 to max: 
2.66 W m-1 K-1), due to the low porosity and similar lithology. Using the geometric mean, matrix thermal conductivities were 
calculated from the measured data, yielding realistic mean values of 2.58 W m-1 K-1 (from dry samples) and 2.48 W m-1 K-1 (from 
saturated samples). In general, measurements under dry conditions are more reliable in this case, as complete re-saturation of low-
porosity rocks is difficult to achieve. Based on electrical-property measurements on cores and the reported information on 
formation-water salinity, resistivity logs were used to calculate the porosity of the carbonate formation. Mean values of matrix 
thermal conductivity and water content (total porosity) of the sedimentary cover were estimated from cutting descriptions only. The 
porosity value for the sedimentary cover (Table 1) gives the water content or total porosity only. Effective porosity as well 
permeability is assumed to be very low in the sedimentary cover.  
2.2.2 Permeability 
The permeability has been studied through the analysis of the pressure data coming from the drill-stem test (DST) and production-
test (PT) reports. Jointly, values of maximum and minimum permeability measured at laboratory conditions on deep-core samples 
have been collected from the final well profiles. For this purpose, a selection of numerous hydrocarbon exploration wells falling in 
a wider region than the above-mentioned area was considered. All permeabilities derived from DST/PT and core samples refer to 
limestones and dolomitic limestones of the Apulia Platform Unit in the depth interval 2770-4500 m. Quantitative DST/PT pressure 
build-up analyses based on the well-known Horner method (Horner, 1951) assuming the following conditions: i) single-phase, 
radial flow and ii) homogeneous and infinite reservoir. Additionally, under radial, steady-state, and confined flow conditions and 
some assumptions concerning the drainage radius, the permeability has been derived from the productivity index (PI) of the 
interval. Since it is common practice in hydrocarbon well profiles to report characteristic pressures (such as initial hydrostatic, 
initial flow, final flow, final shut-in, and final hydrostatic pressures), the calculation of permeability via PI has been applied to a 
larger dataset than that of the Horner method. 
The results displayed a wide range of permeabilities from lower than 0.1 × 10-15 m2 to over 200 × 10-15 m2, indicating that fractures 
have a greater influence on the permeability of the carbonate reservoir than the rock matrix itself. Maximum values of about 
350 × 10-15 m2 were evaluated in production tests after acidification operations that enhanced the transmissivity of the interval by 
up to 400 %. This observation reflects the high chemical reactivity of the carbonate minerals. Due to the basic assumptions and data 
quality, the obtained permeabilities result in a first-order-of-magnitude estimation. Sources of uncertainty are i) the assumed flow 
rate from DST that could underestimate the true value because of the short flow time and ii) the estimation of the fluid viscosity at 
reservoir conditions. 
2.2.3 Temperature Data 
Temperature measurements in six boreholes within the study area are available and used to constrain the calibration of the 
simulation model. The boreholes, namely, Bonito 1 Dir, Lacedonia 1, Monte Forcuso 1, Monte Forcuso 2, Serroni 1, and Taurasi 1, 
are spread throughout the area (see Figure 3) and provide a total of eleven temperature measurements at various depths (see Figure 
4). 
2.3 Hydrothermal Model 
SHEMAT-Suite, a simulator based on the finite-difference scheme and capable of modeling steady-state and transient hydro-
geothermal reservoirs (Rath, Wolf, & Bücker, 2006) is used for the numerical simulations presented here. In this case, two balance 
equations are solved. Given that the goal of the simulations is to reproduce the current status of the geothermal reservoir, the time-
dependent terms of the balance equations can be neglected in order to obtain steady-state conditions. Hence, the mass balance 
equation of water gives the following flow equation: 
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where h is the hydraulic head [m], z is the vertical coordinate in space [m] (which is positive in the upward direction),  is water 
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v   is the Darcy flux. Accordingly, 
under the assumption of local thermal equilibrium, an energy balance yields the heat transport equation: 
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where T is temperature in [°C], cw is the specific heat capacity of water [J/(kg K)], and H is the rate of heat generation [W/m
3]. The 
effective thermal conductivity of the fluid-filled matrix e [W/(m K)]  is calculated as
)1(
mwe

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 , where w and m are the 
thermal conductivities of water and solid matrix, respectively. Equations (1) and (2) are solved using the finite-difference scheme to 
obtain h and T. Note that pressure p is calculated from these primary variables as .)(0 w 
z
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Fluid and rock properties are calculated as functions of T and p: 
 w(T) is calculated as given in Phillips, et al. (1981); 
 ρw(T,p), μw(T,p), and cw(T,p) are calculated from Zylkovskij, et al. (1994). 
For further information on the simulator SHEMAT-Suite, see Rath, et al. (2006).  
The discretized geometry of the geological model from Section 2.1 and its division into geological units are used as input for 
SHEMAT-Suite. The chosen model dimensions are 42 km × 28 km × 7.2 km in x (East-West), y (North-South), and z directions, 
respectively. The size of each finite-difference block is 400 m × 391 m × 100 m. The thickness of the karstified/damaged zone is 
not known and, as a preliminary step, taken to be 300 m. This will be varied in future to study its impact on the thermal field. 
The rock properties used in the simulation are given in Table 1. These are based on the petrophysical analysis in Section 2.2. Note 
that the sedimentary cover is assumed to be impermeable. Rock permeability is primarily caused by fractures which have been 
assumed to lead to an isotropic, depth-dependent permeability (Manning & Ingebritsen, 1999); the dependence on depth being as a 
result of fracture sealing due to the overburden. Hence, the permeability K can be expressed as an exponential function of 
overburden thickness zb, a maximum permeability K0, and a scaling factor d. 
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The scaling factor d is approximated roughly from the permeability values in Section 2.2.2 as 1000 m. 
Due to the large mud losses which occurred in some of the wells, particularly Monte Forcuso 1, the karstified zone, which lies 
between the reservoir and its cover, is assigned a high porosity and permeability. These are estimated values. 
Table 1: Simulation parameters 
Parameter/property Carbonate reservoir Sedimentary cover Karstified zone 
Matrix thermal conductivity [W/(m K)] 2.53 2.36 2.53 
Heat production rate [μW/m3] 0.43 0.70 0 
Porosity 0.02 0.15 0.3 
Permeability [10-15 m2] 5a 0 200
a 
Thickness [m] Variable Variable 300 
a Maximum value for given unit within domain. Permeability is depth-dependent. 
2.3.1 Boundary Conditions 
The temperature boundary conditions at the top of the domain (i.e. at the land surface) are assumed to be dependent on the surface 
air temperatures (from Galgaro, et al. (2012)). The boundary conditions are obtained by adding a constant factor of 10 °C to the air 
temperatures. The value of the constant factor is determined such that the simulation result fits the shallowest well-temperature 
value available (i.e. the borehole Lacedonia 1, 33.5 °C at a depth of 324 m). 
At the bottom of the domain, a constant specific heat flow q is applied. The value of  is unknown and has to be determined by 
inversion. The temperatures at the lateral boundaries are determined by calculating its distribution under the assumption of purely 
conductive heat transport, given q. 
Due to the assumption that the sedimentary cover is impermeable, the flow boundary condition at the top is irrelevant. At the 
bottom, however, a no-flow boundary is applied, accounting for the fact that the rock permeability (due to fractures) is assumed to 
reduce with depth as a result of an increasing overburden. With d = 1000 m in Equation (3), the fractures at the bottom of the model 
(at 7.2 km depth) are all but sealed. The lateral boundaries are open and assigned Dirichlet conditions, i.e. constant head. Hence, 
there can be a regional flow of water through the domain. The hydraulic head at each lateral boundary is determined by inversion 
(see Section 2.4). 
2.3.2 CO2 Cap 
Some information is available on the extent and thickness of the CO2 accumulation beneath the sedimentary cover (see 
Section 2.1). However, is not clear how the CO2 saturation is distributed and how mobile it is. Studying the behavior of the CO2 
and its effects on the thermal field will constitute part of future work in this project. In the sturdy presented here, the effects are 
accounted for in a simplified manner as follows: Driven by buoyancy, CO2 (which is supercritical at the prevailing conditions, i.e. 
approximately 90 °C and 17 MPa) fully saturates the cap and, due to its high mobility (i.e. low viscosity) and relatively high 
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coefficient of thermal expansion, is assumed to circulate in convective cells within the cap, effectively equilibrating thermal 
gradients. As such, the CO2 region is assumed to be isothermal, and there is no water flow. 
2.4 Inversion 
A gradient-based, multidimensional Bayesian inversion scheme is used for the estimation of the unknown parameters. In this 
particular case, the set of unknown parameters P comprises the basal specific heat flow and the hydraulic heads at the four lateral 
boundaries. With D being the given data set (here, temperature measurements in boreholes) and g(P) being the system-response 
function which relates P and D (i.e. the flow simulator SHEMAT-Suite), the inversion problem can be written as the iterative 
minimization of the following functional:  
         .
0
1
p0
1
d
PPCPPPDCPD 
 TT
gg     (4) 
Cd and Cp are covariance matrices which are used to specify the relative weights of the various measurements (data) and the 
distances of the parameters from their initial values P0. These three (P0, Cd, and Cp) are given a priori based on data and parameter 
uncertainty. 
3. RESULTS  
Table 2 shows the results of the inversion using the method described in Section 2.4. As explained in Section 2.3.1, the parameters 
being inverted for are boundary conditions. The lateral Dirichlet conditions for the hydraulic head lead to a regional flow of water 
through the reservoir and karstified zone, while the basal specific heat flow leads to the observed geothermal gradient. 
Table 2: Parameters estimated by inversion 
Parameter Estimated value A priori value 
Basal specific heat flow, q [mW/m2] 55 67a 
Hydraulic head (West boundary) [m] 6260 6500 
Hydraulic head (East boundary) [m] 5954 6500 
Hydraulic head (South boundary) [m] 6778 6500 
Hydraulic head (North boundary) [m] 7082 6500 
a Best fit for a purely conductive model 
   
The general temperature distribution in the model domain can be seen in Figure 3. It also shows the lithological units, karstified 
zone, CO2 cap, and locations of the boreholes used for the inversion. The temperature isolines are affected by the lithological 
interface (and the karstified zone). Temperatures are higher in areas affected by upward-flowing water and lower in downward-flow 
areas. The CO2 accumulation also affects the temperature distribution by efficiently transporting thermal energy upwards. This can 
be seen in the simulated temperatures of the Monte Forcuso boreholes in Figure 4. The figure shows the fit between observed and 
simulated temperatures for each borehole. An inversion without the karstified zone could not reproduce the observed temperatures 
satisfactorily.  
 
Figure 3: Modeled temperature distribution in the carbonate reservoir, sedimentary cover, and karstified (damaged) zone 
between the two lithological units. Here, z represents depth with respect to sea level. The area of CO2 accumulation is also 
shown. The well names are Bonito 1 Dir (Bo), Monte Forcuso 1 (M1), Monte Forcuso 2 (M2), Lacedonia 1 (La), 
Serroni 1 (Se), and Taurasi 1 (Ta).  
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.  
 
Figure 4: Comparison of well-temperature data (black squares) and simulation results.  
In Figure 5, the temperature distributions predicted by the hydrothermal model are shown at three depths. Note that these represent 
depth below ground surface, taking the surface topography into account. Hence, the temperatures shown would be those 
encountered in a potential borehole at these depths. One can see that at two of the flanks (to the North-West and South-East) of the 
anticlinal structure, water flows upwards, leading to regions of higher temperature. Parts of the regions happen to lie beneath areas 
of relatively low elevation (see the topography in Figure 3). Hence, the method of representation in Figure 5 gives a useful measure 
of geothermal potential for the depths considered.  
Most of the regions of elevated temperatures in Figure 5 are located within the carbonate reservoir. As stated in Section 2.2.2, if 
there is a production-rate limitation due to low permeability, it is possible to enhance permeability by acidification of the near-
wellbore area. 
 
Figure 5: Temperature distribution at the depths a) 2000 m b) 2500 m, and c) 3000 m below the ground surface. 
4. CONCLUSIONS 
 The hydrothermal simulation software SHEMAT-Suite has been used to model flow and heat transport in a carbonate 
reservoir in Campania, Southern Italy (Guardia dei Lombardi). The model accounts for heat transport due to conduction 
and advection (particularly through possibly damaged zones of the reservoir), and borehole-temperature measurements 
are used for model calibration.  
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 Inverse modeling suggests that regional flow through the carbonate reservoir plays an important role for the temperature 
distribution. 
 Temperature isolines at various depths below ground surface give a useful measure of geothermal potential. For the 
reservoir considered, two regions seem the most promising for geothermal energy production. 
5. OUTLOOK 
 Of the geological features which were neglected in this study, the steep normal faults are probably the most important. 
Some act as flow paths for rising CO2, feeding the Mefite d’Ansanto surface emanation. Hence, it is very probable that 
they also act as large-scale flow paths for reservoir water and may have a non-negligible effect on the thermal setting. 
 Reservoir fluids in the Guardia Lombardi area range from brackish water in the center of the carbonate anticline 
(measured in the wells Monte Forcuso 1 and 2) to saline water at the sides (measured in the wells Bonito 1 and 
Ciccone 1). Note that Ciccone 1 does not lie within the study area. Thus, it may be important, or at least interesting, to 
account for salt-transport mechanisms within the reservoir and their potential effect on flow (since salinity affects 
density). 
  Several obvious sources of uncertainty (such as the thickness of the karstified zone or heterogeneous parameter 
distributions) have to be investigated in a quantitative manner. This may include Monte Carlo-type studies. 
 The question of how much energy may be produced from, e.g., a doublet system of wells at various promising locations 
of the study area and how long the reservoir may be exploited are interesting ones which will be studied in future. 
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